Current infrared imaging systems monitor emission from a given scene over a broad spectral range, which results with "black and white" images. As a result, there is ever increasing emphasis on the development of new, on the pixel level, infrared imaging technology that can provide spectral information. Attempts at creating a robust imaging system with spectral information have been made through a network of external optics, which results with a high cost and large system package. Here, we propose a metamaterial design that resonantly couples to an infrared photodetector for enhanced performance.
INTRODUCTION
A new generation of infrared imaging systems that contain spectral information is needed for applications in chemical identification, noninvasive medical imaging, environmental monitoring, and night vision applications. Since its initial development in the 1950's, infrared imaging technology has made significant improvement in the quality of infrared images. The first generation consisted of a linear array of pixels that required a mechanical sweep to produce a twodimensional image. The second generation consists of a two-dimensional array of pixels to produce an image, eliminating the need for a mechanical sweep. However, second generation infrared imagers have nearly identical pixels with broadband sensitivity, which results in "black-and-white" images. In the past decade, there has been increased emphasis by the photodetector research community to develop third generation infrared imaging systems, which have (a) high resolution (1-16 megapixels), (b) higher operating temperature and (c) spectral sensitivity [1] . Attempts at creating a robust imaging system with spectral information have been made with a complex network of external optics [2] . For example, current imagers utilize filter wheels, prisms, or gratings to select a region of the infrared spectrum where a series of beam splitters and lenses guide the incoming radiation to one or more focal plane arrays (FPAs) for imaging. These infrared imaging systems are characterized by temporal and spatial registration problems as well as increased system cost and size. In addition, bulky hyperspectral systems are not well suited for in-field imaging applications that require a compact, low cost, multicolor system. To overcome these problems associated with conventional imaging systems, FPAs with integrated multispectral sensitivity on the pixel level are needed [3, 5] . Metamaterials offers great potential towards improving the performance of infrared photodetectors due to its ability to control the flow of light. A metamaterial is essentially an artificial material that can provide any desired refractive index.
These artificial materials can be designed as impedance matching layers for eliminating surface reflection and increasing received signal to the photodetector. In addition, detector thickness can be significantly reduced when a ground plane is added. A reduced photodetector thickness results with lower dark current and a higher signal to noise ratio.
In this paper, we present a metamaterial design coupled to an infrared photodetector with a similar fabrication process as a focal plane array (FPA). A fabrication process similar to the fabrication of a FPA can provide accurate device characterization and a rapid transition from test structure to imaging system. Substrate scattering lowers the spectral selectivity of metamaterials, which makes it difficult to rapidly characterize metamaterial designs. We present on the photodetectors design and simulation results.
PHOTODETECTOR DESIGN
The photodetector consists of a quantum-well-infrared-photodetector (QWIP) architecture and was grown in a solid source molecular beam epitaxy (MBE) system. Infrared absorption results from quantum well ground state transitions to the continuum. The quantum well unit cell is composed of three quantum wells with a thickness of 3nm, 4nm, and 5nm. The quantum well unit cell is repeated 30 times with 50 nm Al0.08Ga0.92As separation barriers. A preliminary spectral response of the QWIP was obtained using a simple, front side wafer fabrication process. This process is advantageous for initial testing because it is simple and quick to achieve a device spectral response. The chip was polished with a 45 degree facet geometry, mounted on a 45 degree facet holder, and wire-bonded on the pins of a leadless chip carrier (LCC). The LCC was loaded in a cryostat with a KBr window and cooled to 77K using liquid nitrogen. The wedge coupling geometry is shown in the inset of Fig. 1 . For a conventional QWIP, no significant s-polarized spectral response is observed since the QW has no in-plane confinement. However, the s/p polarized spectral response ratio of the GaAs/AlGaAs QWIP device was measured to be 2.8%, which can be explained by the scattering caused by the edge of the device and the SI-GaAs substrate. .ctti. as..
-7 0110. walla Rane ann.
DESIGN AND SIMULATION
Design simulation was undertaken for a test chip with a metal-semiconductor-metal geometry. This requires the removal of the substrate. The three components of this design are a frequency selective surface, an absorber and a ground plane. The top frequency selective surface is designed using a finite difference time domain (FDTD) simulator for determining the metallic surface geometry. The geometry of the pattern was varied to center the absorption peak with the absorption peak of the QWIP at 8.5 microns. The model also accounts for the doped contacts at both the top and bottom of the photodiode.
In between the contacts, the active region is modeled as a lossy dielectric. Results from the simulation are shown in Fig. 2 . Figure 2 . Simulated absorption in a metal-dielectric-metal structure.
FABRICATION
The test chip is designed with a similar fabrication process to an FPA with varying pixel size for accurate dark current and signal measurements [4] . The fabrication process begins by performing a dry etch to define the pixel mesas. Next, a layer of silicon dioxide is deposited to electrically passivate the side walls of the mesa. A single photolithography step is then used to etch through the silicon dioxide and deposit a contact metal, which is a layer of 26nm Ge, 54nm Au, 15nm Ni, and 100nm Au. A rapid thermal anneal is performed to provide an Ohmic contact. This contact metal also serves as an electromagnetic ground plane. An under bump metal (Ti/Ni/Au) is then deposited with an area that's larger than the contact metal to prevent indium diffusion into the photodiode pixel. This test chip is then hybridized to a silicon fanout to read signals from the QWIP pixels. The GaAs substrate is completely removed with a selective etch stop layer through a combination of chemical mechanical polishing and selective acid etching. Once the substrate is removed, the backside is patterned with a metamaterial pattern with the aid of e-beam photolithography. The metallic patterns are composed of a thin 5nm Ti and a 100nm Au layer to reduce electromagnetic loss in the metal and provide a strong resonance. The writing of this sample used ZEP520A electron beam resist developed in n-amyl acetate, exposed at 20nA with a step of 20nm on a JEOL JBX-9300FS e-beam lithography system [5] . Fig. 3 shows SEM images from a processed device. The first generation i ri of devices did not yield a spectral response. Currently, we are designing a new batch of detectors with a thicker absorber and developing a recipe for a low loss metal. 
SUMMARY
A metamaterial test chip was proposed and fabricated to address the design of metamaterials on infrared photodetectors. A fabrication process similar to an FPA was presented to allow accurate device measurement for its rapid integration into an infrared imaging system. However, there are many design issues that need to be addressed. The ground plane is composed of 26nm Ge, 54nm Au, 15nm Ni, and 100nm Au. In order to form an effective Ohmic contact to draw photocurrent from the pixel, a rapid thermal anneal must be performed, which results with an alloyed mixture of the mentioned ground plane metals. This Ohmic contact metal is very lossy and does not perform well as an electromagnetic ground plane in a resonant cavity. Future photodetectors resonator designs will require structures that depend less of the ground plane for resonance to occur or non-alloyed contact metal designs.
